To test the hypothesis that in the failing volume-overloaded ventricle, the extracellular matrix and fibrillar collagen in particular are major determinants of the architectural remodeling of the myocardium, this histopathological study of the dilated, postmortem canine left ventricle secondary to rapid ventricular pacing or aortocaval fistula was undertaken. Using the picrosirius-polarization technique to enhance collagen birefringence, we sought to examine the structural integrity of the collagen matrix and interstitium. In the dilated failing ventricle secondary to rapid pacing, we found 1) interstitial edema and a disruption or disappearance of collagen fibers that were apparent within 6 hours of pacing, persisted for weeks, and subsequently were associated with muscle fiber disorganization within the endomyocardium, 2) interstitial fibrosis that was present in the midwall and epimyocardium with chronic pacing, and 3) an early remodeling of intramyocardial coronary arteries that included medial swelling with smooth muscle degeneration followed by proliferative lesions involving fibroblasts and a subsequent perivascular and medial fibrosis. Many of these findings were still evident 48 hours after pacing had been discontinued. In contrast, the collagen matrix and interstitium seen with ventricular dilatation secondary to the circulatory overload that accompanies an aortocaval fistula were indistinguishable from that in sham-operated controls. Thus, we conclude that unlike the chamber enlargement and preserved ventricular function that accompany an aortocaval fistula, ventricular dilatation and failure caused by rapid pacing are based on an architectural remodeling of the myocardium. This structural dilatation involves the extracellular matrix and interstitium and appears to be related to altered permeability of intramyocardial coronary arteries. The mechanism or mechanisms involved in the pathogenesis of myocardial remodeling with rapid ventricular pacing require further investigation. (Circulation 1990;82:1387-1401 It has been proposed12 that the failure of the dilated left ventricle is based on a thinning of its myocardium mediated by muscle fiber slippage. More recently, Weber3 suggested that the anatomical requisite for slippage in either eccentric or concentric hypertrophy resides in the disruption of collagen tethers that normally maintain muscle fiber alignment.4 A disruption and disappearance of collagen From the Cardiovascular Institute (K.T.W., R.P., M.A.S., J.S.J.), Michael tethers has been observed during the evolutionary phase of concentric hypertrophy that accompanies renovascular hypertension in the rat5 and the nonhuman primate,6 and in the early remodeling of the rat myocardium that follows the administration of isoproterenol7 or a single dose of adriamycin.8 In humans with advanced heart failure and eccentric hypertrophy due to primary myocardial disease, preliminary studies indicate an absence of collagen tethers.9 Thus, the extracellular matrix and its fibrillar collagen in particular appear to play an important role in the architectural remodeling of the hypertrophied left ventricle. Our objectives in this study were to determine 1) if such a structural remodeling of the collagen matrix occurred in the dilated canine left ventricle irrespective of its etiological basis and 2) if this remodeling was associated with structural dilatation of the ventricle.
To test the hypothesis that in the failing volume-overloaded ventricle, the extracellular matrix and fibrillar collagen in particular are major determinants of the architectural remodeling of the myocardium, this histopathological study of the dilated, postmortem canine left ventricle secondary to rapid ventricular pacing or aortocaval fistula was undertaken. Using the picrosirius-polarization technique to enhance collagen birefringence, we sought to examine the structural integrity of the collagen matrix and interstitium. In the dilated failing ventricle secondary to rapid pacing, we found 1) interstitial edema and a disruption or disappearance of collagen fibers that were apparent within 6 hours of pacing, persisted for weeks, and subsequently were associated with muscle fiber disorganization within the endomyocardium, 2) interstitial fibrosis that was present in the midwall and epimyocardium with chronic pacing, and 3) an early remodeling of intramyocardial coronary arteries that included medial swelling with smooth muscle degeneration followed by proliferative lesions involving fibroblasts and a subsequent perivascular and medial fibrosis. Many of these findings were still evident 48 hours after pacing had been discontinued. In contrast, the collagen matrix and interstitium seen with ventricular dilatation secondary to the circulatory overload that accompanies an aortocaval fistula were indistinguishable from that in sham-operated controls. Thus, we conclude that unlike the chamber enlargement and preserved ventricular function that accompany an aortocaval fistula, ventricular dilatation and failure caused by rapid pacing are based on an architectural remodeling of the myocardium. This structural dilatation involves the extracellular matrix and interstitium and appears to be related to altered permeability of intramyocardial coronary arteries. The mechanism or mechanisms involved in the pathogenesis of myocardial remodeling with rapid ventricular pacing require further investigation. (Circulation 1990; 82:1387 -1401 It has been proposed12 that the failure of the dilated left ventricle is based on a thinning of its myocardium mediated by muscle fiber slippage. More recently, Weber3 suggested that the anatomical requisite for slippage in either eccentric or concentric hypertrophy resides in the disruption of collagen tethers that normally maintain muscle fiber alignment. 4 A disruption and disappearance of collagen tethers has been observed during the evolutionary phase of concentric hypertrophy that accompanies renovascular hypertension in the rat5 and the nonhuman primate,6 and in the early remodeling of the rat myocardium that follows the administration of isoproterenol7 or a single dose of adriamycin.8 In humans with advanced heart failure and eccentric hypertrophy due to primary myocardial disease, preliminary studies indicate an absence of collagen tethers.9 Thus, the extracellular matrix and its fibrillar collagen in particular appear to play an important role in the architectural remodeling of the hypertrophied left ventricle. Our objectives in this study were to determine 1) if such a structural remodeling of the collagen matrix occurred in the dilated canine left ventricle irrespective of its etiological basis and 2) if this remodeling was associated with structural dilatation of the ventricle.
The picrosirius-polarization technique,5-79 which enhances collagen birefringence and the study of collagen fiber structure, facilitates the assessment of FIGURE 1. Photomicrographs showing the normal collagen matrix and alignment ofmusclefibers of the canine myocardium (group 1), for the epimyocardium and midwall at low (x10) and high (x40) Values are given as mean±SD. RVP, rapid ventricular pacing; recovery, 48 hours after rapid pacing was terminated; fistula, aortocaval fistula; B and B', baseline; PHF, peak heart failure; R, 48-hour recovery; CO, cardiac output; LVFP, left ventricular filling pressure obtained from pulmonary artery diastolic or left ventricular pressure recordings; RAP, right atrial pressure; HVW, heart weight; CVF, collagen volume fraction. *p<0.01 for peak or recovery values vs. baseline or group 1. tp<0.01 for groups 3 and 4 vs. group 1. Values are given as mean-+-SD. RVP, rapid ventricular pacing; recovery, 48 hours after rapid pacing was terminated; B and B', baseline; PHF, peak heart failure; R, 48-hour recovery; NE, norepinephrine; PRA, renin. *p <0.01 for peak heart failure in groups 3 and 4 vs. group 1 or baseline in groups 3 and 4. v-n ;XV;-w;;n~~~A FIGURE 2. Photomicrographs showing rapid ventricularpacingfor 6 hours (group 2). (Picrosirius-polarization technique; original magnification, x40.) Left panel: A distention of intermuscular space is evident together with collagen fiber disruption. Note the blunted ends to the disrupted collagen fibers, which is thought to be in keeping with collagen degradation by collagenase. Right panel: Another region of the myocardium where the expanded intermuscular space is associated with a pronounced degradation of collagen fibers. Remnants of collagen fibers that normally would course through this interfascicular plane are barely visible. these questions. By using this technique, a multiinstitutional study of the recently dilated canine left ventricle induced by rapid ventricular pacing10 or an aortocaval fistula"1 was undertaken. In addition to these hearts obtained from animals at the height of their clinical presentation of heart failure, hearts were examined either shortly after rapid pacing was initiated or after it had been terminated. Shamoperated animals served as controls.
Methods

Canine Model
This is a restrospective study conducted in 38 postmortem, formalin-fixed canine hearts. These included six hearts from Michael Reese Hospital (Chicago), 23 hearts from St. Michael's Hospital (Toronto, Ontario), and nine hearts from the University of Nebraska Medical Center (Omaha, Nebraska). Of these 38 specimens, 21 tissue blocks were obtained from dogs with rapid pacing including 18 with right ventricular pacing (six from Chicago and 12 from Toronto) and three with left ventricular pacing (Omaha), five were from dogs killed at 48 hours of recovery from right ventricular pacing (Toronto), six were from dogs with aortocaval fistula (Omaha), and six were from sham-operated controls (Toronto). Specimens used in this study from St. Michael's Hospital were obtained from dogs included in previous reports that addressed the pathophysiological manifestations of rapid right ventricular pacing10 12 and the early recovery period. 13 Six dogs were randomly selected to serve as shamoperated controls (group 1). These dogs were handled in a manner identical to the paced dogs except that their pacemakers were not programmed to the operating mode. Body weight of dogs in group 1 was similar to that of dogs in other study groups; their radiographic heart size was normal. The hemodynamic and neurohumoral status of the dogs in this group was monitored throughout the experimental period (Tables 1 and 2 ). Two baseline measurements of hemodynamics, and plasma norepinephrine and renin, were obtained with the second baseline, corresponding in time to the peak clinical presentation of heart failure in the paced dogs.
The group of dogs with rapid pacing consisted of male mongrel dogs (18-25 kg) in which rapid right or left ventricular pacing (250 beats/min) was induced by a programmable pulse generator. Surgical anesthesia for the implantation of the unipolar transvenous electrode into the ventricle consisted of sodium thiopental induction (20+2 mg/kg), and maintenance with sodium thiopental (6±3 mg/kg) and morphine sulphate (250±+16 gug/kg/hr). Approval for the conduct of these studies was obtained from the animal research committees at their respective institutions. Six dogs comprised group 2, the group of dogs with short-term pacing; two each were rapidly paced for 6 hours, 48 hours, and 6 days, respectively. In group 3 with long-term pacing, dogs were allowed to recover for 1 week before programming the pacemaker to the synchronous mode for long-term pacing. Thereafter, the dogs were observed daily. Plasma concentrations of venous renin and norepinephrine were obtained during the baseline and peak heart failure periods. All dogs in group 3 included in this report were found to have increased heart size, significant left ventricular dilatation, and impaired systolic function. Clinical criteria of advanced heart failure included an increase in body weight of 10%, exercise intolerance, cyanosis, ascites, anorexia, and radiographic cardiomegaly with pulmonary congestion. At the peak of their heart failure state, which occurred after 5.0+1.4 weeks of pacing, hemodynamic monitoring by flotation catheter advanced to the pulmonary artery or direct catheterization of the left side of the heart was performed. Hemodynamic studies were performed within 30 minutes of cessation of pacing during sinus rhythm and were reproducible. Each of the dogs reported on herein ( Table 1 ) was found to have a significant reduction in cardiac output and a significant elevation in right and left ventricular filling pressures. Plasma norepinephrine and renin concentrations were also increased at the time of peak heart failure ( Table 2) .
Group 4 consisted of five dogs that were studied 48 hours after rapid right ventricular pacing had been terminated. The duration of pacing was 4.7±1.6 weeks in these dogs. Each of these dogs had demonstrated an improvement in hemodynamic and neurohumoral status (Tables 1 and 2 ), but radiographic cardiomegaly and echocardiographic dilatation of the left ventricle persisted.13
Six dogs (19-26 kg) with an aortocaval fistula for 9.5±4.7 weeks comprised group 5. A side-to-side anastomosis of the abdominal aorta and inferior vena cava was created surgically11 just below the renal arteries. Each of these dogs was found to have high cardiac output, elevated left ventricular filling pressure (Table 1) , cardiomegaly, exercise intolerance, and clinical evidence of fluid overload with ascites.
Histopathology
Hearts were removed and weighed at their respective study sites. A transmural specimen of left ventricular myocardium obtained from the free wall at the level of papillary muscles was fixed in formalin. The ventricles were not fixed at a given filling pressure or volume. All specimens, uncoded as to the nature of the study group, were examined in the Cardiovascular Institute at Michael Reese Hospital.
The transmural specimens were embedded in paraffin with notation made of the epicardial surface based on the presence of epicardial coronary arteries. Embedded specimens, oriented according to the long axis of the ventricle, were sectioned perpendicular to the epicardial surface so that each 5-jsm section included the epicardial and endocardial surfaces. Three 5-gm sections from each heart were glass mounted and stained with either hematoxylin and eosin, Gomori trichrome, or Sirius red F3BA.
Morphometric determinations of collagen volume fraction were obtained by one investigator (R.P.) using sections stained with Gomori trichrome as previously reported. 5 Briefly, each section (x40 magnification) was divided into 4 quadrants by using the center of the section as the reference. From each quadrant, four fields were randomly selected from the subendocardial and subepicardial regions. Within each field, segments representing connective tissue were identified and traced, and a computer program was used to calculate the area fraction of collagen and muscle. Collagen volume fraction was then calculated for the heart as the sum of all connective tissue areas in the 16 fields divided by the sum of all connective tissue and muscle areas in all fields.
Collagen surrounding intramyocardial coronary arteries was excluded from the calculation. Intraobserver variability was within 10%.
The fibrillar nature and structural integrity of fibrillar collagen was determined by the picrosirius-polarization technique as previously reported.5 -7,14 Briefly, 5-gm sections were stained with Sirius red F3BA and examined in direct and polarized light.'5 For this analysis, the entire section was examined including the endomyocardium, the midwall, and the epimyocardium. Photomicrographs were obtained by using a Zeiss photomicroscope and Didymium filter. On polarization microscopy, thick collagen fibers appear yellow or yellow-red, and thin collagen fibers appear green.
Statistics
Grouped data for the experimental and shamoperated dogs are compared by one-way analysis of variance. Results are presented as mean+SD. Results
Unoperated Controls (Group 1)
Filling pressures and cardiac output of the right and left sides of the heart for these dogs are given in Table  1 , together with left ventricular weight. Collagen volume fraction of the left ventricle was 4.3±1.4%.
By polarization microscopy, thick perimysial fibers were seen to course for variable distances between rows of organized muscle fibers and in a direction that is parallel to the long axis of muscle fibers. Figure 1 consists of photomicrographs taken from the left ventricle of a dog in group 1. Birefringent collagen fibers serve to outline muscle fibers and to demonstrate their orderly arrangement with respect to one another. There was no evidence that the structural integrity of collagen had been compromised in these hearts, and there was no evidence of interstitial edema. Intramyocardial coronary arteries were seen to contain a small amount of fibrillar collagen in the adventitia. Collagen fibers were not seen in the media of these vessels.
Short-Term Rapid Pacing (Group 2)
Within 6 hours of rapid ventricular pacing, there was evidence of expanded intermuscular spaces and collagen fiber disruption or even a disappearance of perimysial tendons and strands (Figure 2 ). These intermuscular spaces did not stain with eosin, and evidence of a cellular infiltration was not found. These findings of interstitial edema and collagen degradation were more pronounced at 48 hours and 6 days of pacing. Additionally, vascular lesions of intramyocardial coronary arteries were now found. At 48 hours, this included smooth muscle cell degeneration and a swelling of the perivascular space (Figure 3 , left panel). By 6 days, smooth muscle lesions were evident in various stages of repair and included the accumulation of fibrillar collagen in intercellular spaces and in the adventitia (Figure 3 , right panel). We did not observe an inflammatory cell response with short-term rapid pacing.
Long-Term Rapid Pacing (Group 3)
After several weeks of rapid ventricular pacing (Table 1) , a significant decline in cardiac output and a significant elevation in right atrial and left ventricular filling pressures were evident in comparison with the baseline state of these dogs and with the control group of dogs. Collagen volume fraction of the left ventricular myocardium was significantly increased (6.7-+2.1%) over that of sham-operated dogs. Plasma norepinephrine and renin activity were significantly elevated in these dogs ( Table 2) Histopathological findings included 1) interstitial edema, a fragmentation or disappearance of fibrillar collagen that included perimysial strands connecting adjacent muscle bundles and coiled perimysial fibers coursing between muscle fibers, and a malalignment of muscle fibers in the endomyocardium, where muscle fibers were separated and aligned at acute angles to one another (Figure 4, upper left panel) , 2) the accumulation of interstitial collagen fibers or interstitial fibrosis in the midwall and epimyocardium (Figure 4 , middle and upper right panels), and 3) an accumulation of collagen fibers involving the media and adventitia of intramyocardial coronary arteries ( Figure 5 ). The accumulation of fibrillar collagen within the adventitia created a perivascular fibrosis (Figure 5 , left panels) from which septae of thick collagen fibers extended outward for variable distances into intermuscular spaces and surrounded neighboring muscle. In other regions, proliferative lesions of these intramural vessels were evident and included the appearance of fibroblasts within the media (Figure 5, right panels ). An inflammatory cell response was not seen in the cardiac interstitium of these dogs with long-term rapid pacing.
Cessation From Rapid Pacing (Group 4)
The hemodynamic status of these dogs improved over that found at the peak of their heart failure ( Table 1) . Cardiac output and ventricular filling pressures were not significantly different from their baseline or from values of dogs in group 1. Plasma norepinephrine and renin also had returned to baseline ( Table 2 ) 48 hours after pacing had been terminated.
The histopathological findings seen in the paced hearts at the peak of heart failure were still evident after the cessation of rapid ventricular pacing. This included interstitial edema, a disorganization of muscle fibers within the endomyocardium, interstitial fibrosis, and a perivascular fibrosis. These features are shown in Figure 6 for several dogs in group 3.
Aortocaval Fistula (Group 5)
Cardiac output was significantly elevated over sham-operated controls and baseline values in dogs FIGURE 7. Photomicrographs showing that cardiac muscle fiber alignment and fibrillar collagen each appear normal in dogs with an aortocaval fistula (group 5). Upper panel: The epimyocardium of a dog that had the circulatory overload for 3 weeks (original magnification, x40). Lower panel: The endomyocardium of a dog with a fistula for 8 weeks (original magnification, x40). In none of the specimens examined in group 5 was there evidence of interstitial edema, collagen fiber disruption, or muscle fiber disarray.
with the fistula in groups 3 and 4 ( Table 1) , as was left ventricular filling pressure. The elevation in filling pressure, however, was comparable with that seen with rapid pacing in dogs in groups 3 and 4.
Irrespective of the duration of the fistula, there was no evidence of interstitial edema, collagen fiber disruption, muscle fiber realignment, or perivascular fibrosis despite radiographic cardiomegaly and grossly apparent dilatation of the chamber. As can be seen in Figure 7 , the myocardium in these hearts was indistinguishable from sham-operated controls, as was their collagen volume fraction (Table 1 ).
Discussion
The size (and shape) of the ventricular chamber will depend on the volume of blood contained within the chamber, the material properties of the myocardium, and the transmural gradient in pressure (intracavitary minus intrapleural pressures). The myocardium is a composite material containing cardiac muscle, a coronary macrocirculation and microcirculation, and an interstitium of fibrillar type I and III collagens. 16 The tensile strength of type I collagen is thought to exceed that of steel,17 and therefore, although its concentration is relatively small compared with muscle, it is an important determinant of myocardial stiffness.5,14'18"19 Moreover, collagen tethers, located between myocytes and muscle bundles, maintain the alignment of muscle cells and fibers.4 Hence, it has been proposed3 that structural chamber dilatation, a change in chamber shape, and a thinning of the myocardium with muscle fiber slippage must each be based on the disruption of fibrillar collagen tethers. Structural dilatation represents a permanent or semipermanent dilatation of the chamber after the cause of the volume overload has been corrected. This contrasts with nonstructural dilatation, in which the dilated chamber returns to its normal size soon after resolving the volume overload. Nonstructural dilatation, for example, is seen with the circulatory overload that accompanies chronic severe anemia.20
We chose to examine these issues in the dilated canine left ventricle secondary to either rapid ventricular pacing or an aortocaval fistula; in each model, left ventricular filling pressure was increased to a similar degree (Table 1 ). To determine the fibrillar nature and structural integrity of collagen, the picrosirius-polarization technique, which enhances collagen birefringence, was used. Our findings indicate ventricular pacing, there is interstitial edema together with a disruption and disappearance of collagen fibers in the endomyocardium. These features are also observed with long-term pacing, together with a malalignment of muscle fibers and an interstitial and perivascular fibrosis. This is in contrast to the dilated ventricle seen with an aortocaval fistula in which the fibrillar collagen matrix remains intact and normal in appearance, and myocardial architecture is preserved. Carew et a121 have previously reported that muscle fiber alignment is preserved in the dilated ventricle in the dog secondary to an aortocaval fistula or exercise training. The formalin-fixed tissue did not permit us to undertake a quantitative analysis of myocytes and their components by transmission electron microscopy.
Based on the findings of this study, we would conclude that the disruption of fibrillar collagen is an integral component of structural dilatation, which includes a realignment of muscle fibers in the failing ventricle that accompanies rapid ventricular pacing. This architectural remodeling of the myocardium, together with the presence of interstitial edema, contributes to the impairment in diastolic and systolic ventricular function that is characteristic of this experimental model of low cardiac output failure.10 Further studies are needed to determine whether collagen fiber disruption is the anatomical requisite for structural dilatation.
With the circulatory overload and elevated cardiac output secondary to the arteriovenous fistula (Table  1) , the dilatation of the ventricle was not found to involve such a remodeling of the myocardium. As a result, myocardial structure and cardiac performance are preserved. The elevation in ventricular filling pressure seen in this model is therefore related to the circulatory overload. Because the volume overload occurs gradually, the pericardium poses no restraint to gradual ventricular enlargement.22 Right and left ventricular filling pressures, in the presence of such a fistula, would be increased to a degree that is based on the intrinsic difference in stiffness normally present between the ventricles. 22 The mechanism responsible for the appearance of interstitial edema, collagen degradation, and disruption and medial thickening of vascular smooth muscle in intramyocardial coronary arteries and their subsequent medial and perivascular fibrosis after the low cardiac output, high reninemic state associated with rapid ventricular pacing is uncertain. Many of these features of myocardial remodeling, except an inflammatory cell response, resemble that seen with either wound healing or an inflammatory process.2324 We have observed several of these features in other circumstances in which circulating angiotensin II and aldosterone are elevated. These include the evolutionary phase of hypertrophy that accompanies perinephritis hypertension in the nonhuman primate'6 and renovascular hypertension in the rat.5 Laine25 has reported that coronary microvascular permeability and lymph flow are each increased in the dog with renovascular hypertension for 4 weeks, whereas that in the left ventricle recently dilated due to rapid Miller26 has reported a disproportionate elevation in cardiac lymph flow after the intravenous administration of angiotensin II, which was not observed for comparable elevations in arterial pressure associated with aortic banding or intravenous norepinephrine administration. An increase in microvascular permeability in the dog with rapid pacing, albeit not proven by this study, may be related to an elevation in circulating angiotensin II that accompanies low cardiac output in this model. 12 Giacomelli et a127 have found that with an infusion of angiotensin, there is morphological evidence of increased permeability of intramyocardial coronary arteries, edema, and vascular smooth muscle degeneration. Bhan et a128 reported similar findings in the rat with endogenous elevations in angiotensin secondary to renovascular hypertension. An angiotensin-mediated formation of endothelial cell clefts was held responsible for this abnormal permeability of the coronary circulation. Giese29 and Wiener et al30,31 observed a similar response to angiotensin and renovascular hypertension in the systemic circulation. The findings of these studies, however, do not permit a clear dissociation between a direct angiotensin-mediated effect on blood vessels from an indirect effect related to the associated elevation in arterial pressure. In the ventricular pacing model used herein, mean arterial pressure was not elevated,10 whereas plasma renin activity was significantly increased. 12 Further evidence in support of the role of angiotensin in the remodeling of the myocardium and its intramyocardial coronary arteries is garnered from several additional observations. Riegger et a132 have found that the enlargement and failure of the canine left ventricle with rapid right ventricular pacing could be retarded or prevented by pretreatment with an angiotensin converting enzyme inhibitor. Whether this cardioprotective effect of an angiotensin converting enzyme inhibitor is related to its influence on salt and water balance or a direct effect on the myocardium and its coronary vasculature is unclear. Immunohistochemical studies in which renin-specific antibodies were used have demonstrated the presence of renin in large, medium, and small arteries.33 Renin antibody labeling was particularly evident in the outer portions of the media and adventitia of these vessels. Angiotensin generated in these regions may be mitogenic to fibroblasts,34 which in turn may lead to a deposition of collagen. In situ hybridization has localized renin messenger RNA in cardiac myocytes as well.33 In a recently completed study, Jalil et a135 found that captopril pretreatment attenuated the expected perivascular fibrosis of intramyocardial coronary arteries seen in rats with renovascular hypertension. 36 Finally, in preliminary studies in dogs (unpublished observations) with chronic constriction of the thoracic segment of the inferior vena cava, there are indications that in this model of low cardiac output and arterial pressure with high circulating renin and angiotensin37 where left ventricular chamber size remains normal or is smaller, there is a structural remodeling of the endomyocardium and intramyocardial coronary arteries that resembles that seen with rapid ventricular pacing.
The sustained elevation in circulating renin and angiotensin that occurs with low cardiac output in the pacing model ( Table 2 ) contrasts with that expected in the high cardiac output, chronic aortocaval fistula model in which renin and angiotensin levels, which initially may be elevated, promptly return to control levels. 38 With the loss in continuity of the endothelial cell layer, including the separation of endothelial cell junctions and actual cell loss39 mediated by angiotensin, plasma gains entry to the extravascular space to initiate interstitial edema and a cascade of events that may include protease and collagenase activation, which in turn lead to collagen fiber degradation and their disappearance. The myocardium is known to contain collagenase,40,41 and its pharmacological activation has been reported to cause collagen fiber degradation. 42 Thus, we found that in low output failure secondary to either rapid right or left ventricular pacing, there is a structural remodeling of the cardiac interstitium and intramyocardial coronary arteries with interstitial edema and collagen fiber degradation, which in many respects resembles wound healing or inflammation. This remodeling is not seen in the dilated left ventricle of the dog with high cardiac output secondary to an aortocaval fistula and suggests that the humoral response to low cardiac output, including the elevation in circulating renin and angiotensin, initiates an increase in coronary artery permeability that leads to these events. This hypothesis remains to be systematically examined, as does the role of other humoral agents (e.g., norepinephrine and arginine vasopressin) that are also elevated in low output cardiac failure. The fact that we found an early structural remodeling of the myocardium after isoproterenol6 that resembles that seen with rapid pacing lends credence to this broader perspective.
